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MinireviewThe First Plant Genome
quences. The map also gave a very precise estimate ofR. Martienssen1 and W.R. McCombie1
Cold Spring Harbor Laboratory the number of clones that needed to be sequenced. This
made allocation of clones and sequencing resources1 Bungtown Road
Cold Spring Harbor, New York 11724 possible especially in problem areas that could be tack-
led early in the project. The efficacy of this approach is
shown in Figure 1. The use of BAC fingerprinting at a
genome-wide scale was hence first demonstrated withThe sequence of the model plant Arabidopsis thaliana
the Arabidopsis project and created the paradigm bywas published last year. A. thaliana is an annual crucifer-
which the human genome was successfully mapped andous weed, related to mustards and cabbages, and its 5
sequenced (McPherson et al., 2001).chromosomes and 125 Mb genome have been the object
Selected BACs were sequenced using shotgun se-of genetic and molecular studies for more than 50 years.
quencing. Over the course of the project, various nu-Given its central role in plant genetics, and as the first
ances of this procedure were used and a targeted accu-representative of the plant kingdom to be sequenced,
racy of one error per 10,000 bases was met or farthe Arabidopsis genome was eagerly anticipated by
exceeded in most cases (Arabidopsis Genome Initiative,plant biologists and evolutionary biologists alike. Com-
2000). The higher order contiguity of the sequence, de-parison with animal and microbial genomes, as well as
rived in large part from the quality of the “up-front”the implications for plant biology, are reviewed here.
mapping, is also very significant. Three of the 5 chromo-First, though, we consider the sequencing strategy cho-
somes are contiguous from telomere repeats to centro-sen for Arabidopsis, as well as its outcome.
mere repeats (Mayer et al., 1999; Xu et al.,1999; Salana-Getting There
bout et al., 2000) while the remaining two chromosomesThe Arabidopsis genome sequencing project began in
have fewer than 10 gaps each between telomeric and1995-1996, during a transitional period in genome se-
centromeric repeat structures (Theologis et al., 2000;quence analysis. The eventual success of a clone-by-
Tabata et al., 2000). In addition, substantial amountsclone approach to sequencing a complex genome was
(roughly half) of the pericentromeric and other hetero-evident by this time based on the C. elegans sequencing
chromatin have been sequenced and linked to the ge-project. More simple microbial genomes had been com-
netic map (Copenhaver et al., 1999; Arabidopsis Ge-pleted using a whole genome shotgun approach. While
nome Initiative, 2000; CSHL/WUGSC/PEB Arabidopsisa whole genome shotgun strategy was considered for
Sequencing Consortium, 2000). An additional 20–30Arabidopsis, it was abandoned early in the planning
BAC contigs which are linked to the centromeric regionsstages of the project for several reasons. One was the
based on BAC end sequence data are currently beingavailability of two high-quality BAC libraries (from Rod
sequenced. These will add to the sequence coverageWing and Thomas Altmann). There was also consider-
of heterochromatic regions. By contrast the assembledable doubt as to the utility of the whole-genome ap-
Drosophila genome sequence at the time of publicationproach in an organism with the amount of repetitive DNA
contained little heterochromatin and in excess of 1000anticipated in Arabidopsis. Lastly, it was realized that
sequence gaps.a clone-based approach would link the sequence to
Predicting the Genesgenetic markers at an early stage, thus integrating the
The preliminary conclusions of this analysis have beengenome data with the classical genetics and biochemis-
extensively reviewed elsewhere but a few highlights aretry of Arabidopsis.
worthy of mention here. The largest functional classesHigh throughput, genome-wide restriction-enzyme
of predicted plant proteins are metabolic and photosyn-fingerprinting was applied to these BAC libraries for the
thetic enzymes on the one hand and transcription fac-first time in a large-scale genome project (Marra et al.,
tors on the other. Photosynthesis and much of second-1999). The automated analysis of fingerprint fragments
ary metabolism in plants is governed by “prokaryotic”with the software package fpc produced “bins” of over-
enzymes, which are located in the chloroplast. Theselapping clones that were ordered by a manual editing
genes were derived from endosymbiotic cyanobacteria,process. Chimeric and rearranged clones were avoided
but are now encoded in the nuclear genome. In contrast,by ensuring that every restriction fragment was present
most Arabidopsis transcription factor families are onlyin overlapping clones. Parallel efforts employing hybrid-
found in plants. Further, several classes of signalingization of BAC ends (sampling without replacement),
molecules, such as tyrosine kinase and G protein-cou-BAC end sequencing, and the utilization of extensive
pled receptors, appear to be absent or very rare, whilecommunity-derived marker information linked these
others are amplified. Finally, some of the key players inbins together in a physical and genetic map that became
cell division and cell death, such as Cdc25 and Bcl2,the primary resource for finishing the genome (Marra et
appear to be missing from plants. Taken together, intra-al., 1999). Even highly repetitive regions were included
cellular pathways are more conserved, while intercellu-in the maps, because unique restriction maps were less
lar pathways are less conserved with animals, consis-ambiguous than hybridization with repetitive end se-
tent with the independent evolution of multicellularity in
plants. There are many exceptions however (such as
conserved components of the innate immunity system),1 Correspondence: martiens@cshl.org, mccombie@cshl.org
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much rarer in plants than in animals (Salanabout et al.,
2000). This might make wholesale gene duplication the
only mechanism by which new regulatory controls can
evolve. In fact, large-scale gene duplication may reflect
the evolution of entire new evolutionary paradigms, such
as flowers and seeds. Either way, it is clear that in many
cases function as well as sequence has been duplicated:
for example the shatterproof and sepallata transcription
factor families are genetically redundant (Ng and Yanof-
sky, 2001).
Presumably, these duplicated genes have been re-
tained over evolutionary time due to unique functions
difficult to assess under laboratory conditions. In some
Figure 1. An Arabidopsis Pachytene Spread Probed by In Situ Hy- cases, genes with unique functions at one stage of de-
bridization with Each of 131 BACs from the Physical Map of Chromo- velopment are redundant at another. This leads to confu-
some 4, Alternately Labeled in Red and Green sion as to the true loss-of-function phenotype and has
(Kindly provided by Paul Fransz.) disturbing implications for the interpretation of allelic
interactions in double mutant analysis. It is thus possible
that much of the genetic data gathered over the last fewand the origin of eukaryotic multicellularity remains ob-
decades will need to be reassessed in the light of thescure.
genome sequence.Reliance on statistical criteria means that several
Genomics in Reverseclasses of genes were systematically omitted from the
The systematic assessment of Arabidopsis gene func-annotation. For example, very few cell-cell signaling
tion is well underway (Chory et al., 2000). Engineeredpeptides have been discovered in plants despite a glut
transposons and T-DNA insertions (including geneof receptors. This is in part because short, hydrophobic
traps) have been used to generate loss-of-function phe-open reading frames have low confidence values when
notypes, while gain-of function phenotypes can be gen-less than 100 amino acids in length. Genes encoding
erated using viral enhancers (“activation tags”) to ectop-untranslated RNA are also difficult to detect. The abun-
ically activate the expression of neighboring genesdance of predicted RNA binding proteins indicates the
(Chory et al., 2000). In each case, systematic sequencinglikely presence of untranslated RNA in Arabidopsis,
of random insertion sites has been used to generateanalogous to Xist, roX and other RNA species in animals.
insertional databases (http://www.cshl.org/genetrap).Open reading frames have an inherent likelihood associ-
These can be queried to identify insertions in annotatedated with them, but novel untranslated RNA can only
as well as unannotated genes. In one example, inser-be detected by sequence similarity. cDNA sequence can
tions in the short arm of chromosome 4 were catalogedbe a useful tool here, but many untranslated RNAs are
revealing a preference for insertions into euchromatic
not polyadenylated, and more robust experimental ap-
rather than heterochromatic DNA (CSHL/WUGSC/PEB
proaches, including hybridization to chromosome tiling
Arabidopsis Sequencing Consortium, 2000).
microarrays, are needed.
Antisense and double-stranded RNA inhibition work
Thus despite the high degree of completion, pre- well in plants. Transiently replicating viral vectors can be
dicting the location of genes remains problematic. A crudely applied to plants as RNA molecules, comparable
combination of gene finding software and sensitive se- to RNA soaking in worms (Baulcombe, 2000). One ad-
quence similarity searches has been effective as a first vantage is that multiple redundant genes can be inacti-
pass, but additional information is clearly required. Re- vated at once. However, as in animals, inactivation is
cently, comparative genomics has allowed identification often mosaic, and dominant lethality or sterility cannot
of unannotated genes encoding secreted peptides (Ku- be studied genetically. This is even more of a problem
saba et al., 2000), as well as genes encoding untrans- in plants because the life cycle includes a multicellular
lated RNA. Inspired by these studies, and by the ability to haploid phase: Following meiosis, spores divide giving
detect conserved promoter and other protein interacting rise to the male and female gametophyte. This means
sequences, the final phase of the Arabidopsis genome plant gametes undergo 1–3 extra rounds of division and
project will include sequencing of a related genome such require a variety of essential genes. Mutations in these
as Brassica oleraceae. Differential conservation of ex- genes will not be transmitted to the next generation.
ons, introns, and promoters has allowed the prediction It has recently become possible to detect point muta-
of unannotated genes, as well as the refinement of gene tions in genes amplified from pools of EMS mutagenized
models, and promises to be a major tool in Arabidopsis plants using denaturing HPLC or digestion with mis-
annotation (Paterson et al., 2001). match endonucleases (Chory et al., 2000). Deletions are
Oh No, Not Again even easier to detect in pools of irradiated plants by gel
A major surprise from the analysis was the extent to electrophoresis, and promise to bring comprehensive
which genes had been duplicated, in part as a result reverse genetics to any plant species for which the ge-
of ancient tetraploidy and in part during subsequent nome has been sequenced.
evolution (Vision et al., 2000; Arabidopsis Genome Initia- Fast Forward
tive, 2000). This is reminiscent of the situation in maize, Although reverse genetics is often considered the pri-
although duplication appears to have been more recent mary application of the genome sequence, forward ge-
netics benefits as much or more. The ability to map athere. One explanation is that alternate transcripts are
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new mutation at high resolution transforms positional phenotypic data, but more challenging is the use of
associative linkage analysis, a process familiar to humancloning, or chromosome walking, into “chromosome
landing.” With a sufficiently dense genetic map, any but less so to plant geneticists (Altshuler et al., 2000).
The first large-scale study of natural sequence varia-mutation in Arabidopsis can be mapped within weeks
of its discovery, and quickly localized to a handful of tion was performed by Cereon Genomics, who se-
quenced random shotgun clones from the Landsbergcandidate genes. Thus, allele-specific phenotypes caused
by point mutations can be readily obtained and charac- ecotype and compared them with the Columbia refer-
ence genome (Arabidopsis Genome Initiative, 2000).terized molecularly. A major challenge of any systematic
gene function search is to combine mutations into net- Many thousands of SNPs and hundreds of insertions
and deletions will be invaluable in mapping traits and inworks of gene action. The potential for constructing
these networks via high-throughput second-site sup- genome-wide assessment of genome rearrangements.
Closely related species also provide a wealth of geneticpressor/enhancer screens is being pursued by number
of laboratories, and new high-throughput mapping variability, which can sometimes be accessed by gener-
ating artificial hybrids under laboratory conditionsmethods using microarrays and microbeads promise
to narrow this search down substantially (Chory et al., (Comai et al., 2000). Perennial species (that flower every
year), apomictic species (that reproduce without fertil-2000).
As in yeast, once a comprehensive collection of in- ization), and even woody species exist among related
Arabis crucifers, and comparative genomics will help todexed Arabidopsis mutations has been established by
reverse genetics, it can be used in systematic forward unveil the genes behind these key traits.
Epigenetics and Chromosome Structuregenetic screens. This is especially useful for screens
that depend on plant-by-plant biochemical assays. Arabidopsis is the first higher eukaryotic genome to
be sequenced that has extensive cytosine methylation.“Metabolomics” is a key area in plant biology, where
simultaneous assays for hundreds of metabolites, ions, This allows parallels to be drawn between plants and
vertebrates, more readily than similar parallels betweenand trace elements can be applied. Furthermore, speci-
ficity of the nucleotide sequence allows complex humans and C. elegans or Drosophila, which have little
or no methylation. Epigenetic phenomena in plants,mixtures of RNA and proteins to be resolved into their
individual components. High-density arrays of oligonu- many discovered in maize, are now accessible through
the genome sequence of Arabidopsis. Two isolated re-cleotides and clones provide high specificity, although
plant gene families present a serious complication. Simi- gions of heterochromatin, referred to as heterochro-
matic knobs in honor of their discovery in maize, havelarly, peptide sequencing by mass spectroscopy can be
used to identify components of protein complexes in provided the first contiguous sequence of heterochro-
matin in a higher eukaryote (CSHL/WUGSC/PEB Arabi-plants, or of spots on 2-D gels, so long as partial se-
quence can be obtained and compared to the genome dopsis Sequencing Consortium, 2000; Tabata et al.,
2000). Both regions have a central array of more thanas a whole. It is now feasible to consider applying such
screens to collections of indexed mutants, and system- 20 copies of a 2 kb repeat. The repeats within an array
were 96% similar, but between arrays they were unre-atic surveys are getting underway.
Natural Variation lated. Weak homology to hypothetical proteins else-
where in the genome suggested they may have beenArabidopsis thaliana grows in diverse environments
from the subtropical Cape Verde Islands to the Himala- derived from transposons in the past. This structure
resembles the only other complete heterochromatic se-yas. These “ecotypes” have diverged significantly, es-
pecially in traits such as flowering time, which controls quence, that of the centromeres of S. pombe. In both
cases, recombination is reduced. The sequence of het-the difference between winter annuals and more ephem-
eral varieties that germinate and bloom in the Spring. erochromatin in Arabidopsis will allow silencing and
methylation to be tested through microarrays.Mapping populations have been developed for some of
the most extreme ecotypes, and the combination of About 2 Mb of centromeric heterochromatin has been
sequenced for each of the 5 chromosomes. The centervery dense SNPs and the genome sequence will allow
complex natural variation to be reduced to single gene of each of these regions contains 1–2 Mb of satellite
repeats which cannot be sequenced, but tetrad analysistraits using near-isogenic lines and other breeding tools.
Natural variation is one of the most important tools in using a pollen mutant (quartet) has defined a centro-
meric interval for each chromosome (Copenhaver et al.,determining gene function, because selection for subtle
changes provides a unique perspective not easily repli- 1999). The possibility that centromere function is con-
ferred by satellite repeats, or by low copy islands ofcated in the laboratory (Alonso-Blanco and Koornneef,
2000). Many of the resulting traits are quantitative, and DNA near them, can now be tested. Most of the genes in
these intervals, and in the heterochromatin surroundingthe genome sequence has been extensively used to
explore QTL among accessions of Arabidopsis. Flow- them, do not correspond to any EST (expressed se-
quence tag), indicating that the heterochromatin isering time, secondary metabolites and disease resis-
tance are some of the traits that have been explored in largely silent. However, a handful of genes in each cen-
tromeric interval are expressed, indicating, that somethis way, and can often be resolved into individual genes
encoding key enzymatic steps or transcription factors. genes may have adapted to these “bad neighborhoods,”
as in Drosophila.Recombinant inbred (R.I.) lines provide a key resource
in these studies as they do in mice, except that the 5,000 transposons were revealed in the genome se-
quence, 99% of which were silent judging by the lackseed of individual lines is much more easily stored and
distributed. Definition of the recombination breakpoints of a corresponding EST. Class I transposons, those that
transpose via an RNA intermediate, were clustered in thein standard R.I. lines will allow systematic analysis of
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Fujii, C.Y., Mason, T., Bowman, C.L., Barnstead, M., et al. (1999).center of the chromosome, interspersed among satellite
Nature 402, 761–768.repeats. In contrast, Class II DNA transposons, which
Marra, M., Kucaba, T., Sekhon, M., Hillier, L., Martienssen, R., Chin-are also clustered around the centromere, were ex-
walla, A., Crockett, J., Fedele, J., Grover, H., Gund, C., et al. (1999).cluded from this central domain. While it is unclear that
Nat. Genet. 22, 265–270.
this distribution has any functional significance, the ex-
Mayer, K., Schuller, C., Wambutt, R., Murphy, G., Volckaert, G., Pohl,
tensive sequence of heterochromatin will allow the sys- T., Dusterhoft, A., Stiekema, W., Entian, K.D., Terryn, N., et al. (1999).
tematic investigation of these properties. For example, Nature 402, 769–777.
mutants in the SNF2/SWI2 chromatin remodeling gene McPherson, J.D., Marra, M., Hillier, L., Waterston, R.H., Chinwalla,
Decrease in DNA methylation, have been shown to de- A., Wallis, J., Sekhon, M., Wylie, K., Mardis, E.R., Wilson, R.K., et
al.—The International Human Genome Mapping Consortium (2001).repress silent transposons. Clearly, a high-resolution
Nature 409, 816–818.picture of the impact of different chromatin components
Ng, M., and Yanofsky, M.F. (2001). Nat. Rev. Genet. 2, 186–195.should emerge quickly in plants.
Paterson, A.H., Lan, T., Amasino, R., Osborn, T.C., and Quiros, C.One important outcome will be the contribution of
(2001). Genome Biol. 2, 1011.heterochromatic genes to developmental traits. Hetero-
Salanoubat, M., Lemcke, K., Rieger, M., Ansorge, W., Unseld, M.,chromatin has the unusual property of retaining the
Fartmann, B., Valle, G., Blocker, H., Perez-Alonso, M., Obermaier,memory of environmental changes. For example, cold
B., et al. (2000). Nature 408, 820–822.temperature influences position-effect variegation in
Sheldon, C.C., Finnegan, E.J., Rouse, D.T., Tadege, M., Bagnall,Drosophila. Flowering in Arabidopsis is also influenced
D.J., Helliwell, C.A., Peacock, W.J., and Dennis, E.S. (2000). Curr.
by cold treatment (vernalization) and, like position-effect Opin. Plant Biol. 3, 418–422.
variegation, vernalization is mediated by cellular mem- Tabata, S., Kaneko, T., Nakamura, Y., Kotani, H., Kato, T., Asamizu,
ory and is meiotically reset (Sheldon et al., 2000). Per- E., Miyajima, N., Sasamoto, S., Kimura, T., Hosouchi. T., et al. (2000).
haps cold-dependent expression of heterochromatic Nature 408, 823–826.
genes determines competency to flower. Theologis, A., Ecker, J.R., Palm, C.J., Federspiel, N.A., Kaul, S.,
White, O., Alonso, J., Altafi, H., Araujo, R., Bowman, C.L., et al.The Green Revolution?
(2000). Nature 408, 816–820.The genome project has resulted in an avalanche of
Wang, R.L., Stec, A., Hey, J., Lukens, L., and Doebley, J. (1999).data, as well as an avalanche of philosophical revision-
Nature 18, 236–239.ism to justify the lack of a hypothesis behind most geno-
mics research. While sometimes heralded as a new age
in biological reasoning, little has changed in the way
conclusions are reached. What has changed is the rich-
ness of the information space within which experiments
can be designed. Plants were the first organisms sub-
jected to genetic analysis, and some of the first for which
genetic maps assigned functions to chromosomal re-
gions known as genes. The resolution provided by the
genome project catapults genetic analysis into the com-
puter age. As in Physics, it is only when significant algo-
rithmic power is brought to bear that Popper’s revolution
can occur. As at the dawn of genetics, plants have prop-
erties particularly favorable to the study of higher eukar-
yotic genomes. Perhaps the real Green Revolution is
only just beginning.
Selected Reading
Alonso-Blanco, C., and Koornneef, M. (2000). Trends Plant Sci. 5,
22–29.
Altshuler, D., Daly, M., and Kruglyak, L. (2000). Nat. Genet 26,
135–137.
Arabidopsis Genome Initiative. (2000). Nature 408, 796–815.
Baulcombe, D.C. (2000). Science 290, 1108–1109.
Chory, J., Ecker, J.R., Briggs, S., Caboche, M., Coruzzi, G.M., Cook,
D., Dangl, J., Grant, S., Guerinot, M.L., Henikoff, S., et al. (2000).
Plant Physiol. 123, 423–426.
Comai, L., Tyagi, A.P., Winter, K., Holmes-Davis, R., Reynolds, S.H.,
Stevens, Y., and Byers, B. (2000). Plant Cell 12, 1551–1168.
Copenhaver, G.P., Nickel, K., Kuromori, T., Benito, M., Kaul, S., Lin,
X., Bevan, M., Murphy, G., Harris, B., McCombie, W.R., et al. Science
286, 2468–2474.
CSHL/WUGSC/PEB Arabidopsis Sequencing Consortium (2000).
Cell 100, 377–386.
Kusaba, M., Dwyer, K., Hendershot, J., Vrebalov, J., Nasrallah, J.B.,
and Nasrallah, M. (2000). Plant Cell 13, 627–643.
Lin, X., Kaul, S., Rounsley, S., Shea, T.P., Benito, M.I., Town, C.D.,
